Abstract Al-doped zinc-oxide (AZO) thin films treated by oxygen and chlorine inductively coupled plasma (ICP) were compared. Kelvin probe (KP) and X-ray photoelectron spectroscopy (XPS) were employed to characterize the effect of treatment. The results of KP measurement show that the surface work function of AZO thin films can increase up to 5.92 eV after oxygen ICP (O-ICP)'s treatment, which means that the work function was increased by at least 1.1 eV. However, after the treatment of chlorine ICP (Cl-ICP), the work function increased to 5.44 eV, and the increment was 0.6 eV. And 10 days later, the work function increment was still 0.4 eV after O-ICP's treatment, while the work function after Cl-ICP's treatment came back to the original value only after 48 hours. The XPS results suggested that the O-ICP treatment was more effective than Cl-ICP for enhancing the work function of AZO films, which is well consistent with KP results.
Introduction
Transparent conductive oxide (TCO) films have been widely used in organic optoelectronic devices as anodes [1−4] . Indium tin oxide (ITO) films are the most popular TCO materials in organic light emitting diodes as well as organic photovoltaic devices due to their high conductivity, high transparency in visible light region and large area homogeneity [5−7] . However, the indium is extremely rare and highly toxic; what's more, it can diffuse into the organic layer, leading to efficiency degradation [8, 9] . Therefore, the development of alternative new anode materials is in urgent need. Among the alternative candidate of TCO films, Al-doped ZnO (AZO) thin films have been considered as a suitable anode material, because they are more stable in reducing ambience, more abundant, and less expensive compared with ITO films, which make them appropriate for potential use as anodes in organic light-emitting diodes (OLEDs) [10−12] . The work function of TCO layer is very important to the performance of OLEDs, because it directly affects the energy barrier height at the interface of anode with the organic materials, which concerns the efficiency of hole injection and the operating voltage [13, 14] . However, few works have been focused on AZO film work function. It was reported that the work function of AZO film was in the range of 3.7-4.9 eV [15−18] , depending on preparation method and surface posttreatment method. There are several surface posttreatment methods, including acetone ultrasonically cleaning, UV-ozone treating, and B+ implantation, etc., but the highest increment of work function among these methods is 0.5-0.6 eV that is the value just after being treated, and this value of work function increment is far from satisfactory. Further intensive investigation on the effect of preparation method and surface post-treatment on the AZO film work function needs to be carried out. In this paper, oxygen and chlorine inductively coupled plasma was introduced to treat AZO films. The work function and surface properties of AZO films under different treating methods as well as their relationship were investigated by Kelvin probe (KP) and X-ray photoelectron spectroscopy (XPS).
Experiment
AZO samples used in this experiment were purchased from Hangzhou Daming Glass Co.,Ltd.. The thickness is 300 nm and the sheet resistance is 9.5 Ω/ . Before being treated by plasma, all the samples were given a preceding cleaning procedure. were firstly cleaned by detergent; then sequentially immersed in ultrasonic baths of acetone, alcohol, as well as deionized water, each for 20 min; and finally dried by blowing high purity nitrogen gas.
The inductively coupled plasma was generated in a stainless-steel vacuum chamber (Fig. 1 ). The 13.56 MHz radio frequency (RF) power was coupled into the chamber via a stainless-steel horn antenna and an auto-matching network, and the sample was placed at 13 cm below the plasma antenna. Plasma was generated by the forward RF power of 80 W with no detected reflection. Oxygen gas was fed into the chamber through an inlet positioned near the top of chamber. A base pressure of 5×10 −4 Pa was used for the O-ICP and Cl-ICP treatment. The pressure in the chamber was kept at 4 Pa with flow rate of 50 sccm during plasma treatment, and the duration of treatment was 20 min and 10 min for O-ICP and Cl-ICP, respectively. Kelvin probe (SKP-5050, KP Technology Ltd.) was employed to measure the work functions of various AZO samples. In order to measure the absolute work function values of samples, the author has implemented a tip calibration procedure, which is rapid and precise to measure the work function of standard samples such as gold and aluminum, and then the absolute work function of the samples can be determined. After being moved out of the vacuum chamber, AZO samples should be measured as soon as possible. XPS was employed to measure the chemical composition and analyze the core level spectra of C 1s, O 1s, Zn 3p, Al 2p at the surface of AZO. XPS measurements were carried out by using a RBD upgraded PHI-500C system with Mg Kα X-ray radiation at 1263.6 eV in base pressure less than 1×10 −7 Pa. Atomic force microscopy (AFM) was used to investigate the surface morphologies.
3 Results and discussion Table 1 shows the KP measurement results of the work function and increment of various AZO samples. It's obviously shown that the work function after O-ICP treatment can reach 5.92 eV, which means a large increment of 1.1 eV. Compared with the other researchers' results (Hong et al. [15] , Wang et al. [16] , Feng et al. [17] ), the increment of AZO work function in this experiment was much larger. While after Cl-ICP treatment, the work function of AZO was 5.44 eV, which means an increment of 0.6 eV, that is lower than that of O-ICP's by 0.5 eV. It's evident that O-ICP treatment is more effective than Cl-ICP in enhancing the work function of AZO films. This disagrees with the common understanding that chlorine plasma was more effective than oxygen plasma for the work function enhancement of ITO [19, 20] . A further study is needed to reveal the contradiction. The chemical composition and atomic ratio of different AZO samples were showed in Table 2 . It's revealed that surface carbon concentration decreased but oxygen concentration increased after plasma treatment. And the stoichiometry ratio O/(Zn+1.5Al) of AZO samples was calculated. As shown by calculation, it was 2.1 for the sample without any treatment; and it was 2.3 after O-ICP treatment; however, it was largely increased to 2.55 after Cl-ICP treating. Wang et al. indicated that the larger the O/(Zn+1.5Al) ratio, the higher the work function of AZO samples [16] . Due to the existence of considerable oxygen vacancy defects that provide free electrons, AZO films include masses of free electrons. Since the quantity of free electrons is related to the Fermi level: the more the free electrons, the higher the Fermi level. According to the definition of work function, which is the energy band gap between the vacuum level and the Fermi level, we know that the higher the Fermi level, the lower the work function, and vice versa. If we want to improve the work function of AZO, we shall try to decrease the Fermi level. On asreceived AZO surface, the surface Fermi level is close to conduction band minimum, as it is in the bulk of the AZO. On O-ICP treated AZO surface, the oxygen ions will fill in the oxygen vacancy defects, so the oxygen vacancies will be reduced, which lead to the reduction of free electrons. With the reduction of free electrons, the surface Fermi level is shifted towards the middle of the band gap, while the Ef remains unchanged in the bulk. This will lead to an upward bend in all energy bands and in the core levels, as schematically shown in Fig. 2 . In addition to the band bending, the work function will increase accordingly. The change in work function, ∆ϕ = (ϕ2 − ϕ1), should be equal to that of ∆E c and of ∆E VBM [21] . So we can see that the work function of AZO samples increased after plasma treatment, since their stoichiometry ratio is higher than that of untreated sample. In this experiment, the sample treated by Cl-ICP has a larger stoichiometry ratio than that of the sample treated by O-ICP treatment, but the work function is lower, which might be due to etching effect existing in Cl-ICP treatment, and it can be proved by the AFM images, as shown in Fig. 3 (Letter  a, b , and c represents sample of as-received, O-ICP, and Cl-ICP, respectively). As it shows, after O-ICP's treatment, the surface morphology looked like almost the same as the as-received sample, the root-meansquare roughness (R rms ) of sample for O-ICP and asreceived was 6.15 nm and 6.27 nm, respectively. However, after being treated by Cl-ICP, the film surface became very tough, a lot of sharp peaks emerged, and the R rms increased to 15 nm. Due to the tip effect, the electric field intensity at the sharp peaks is enhanced, which will make electrons emit more easily, and thus the work function is lowered [22−24] . So it can be seen that the AZO work function treated by Cl-ICP was lower than that of O-ICP. Fig. 4 shows the XPS spectra peak binding energy of O1s core level of AZO with different treatments. It can be noticed that the peaks shift towards to the lower binding energy after both O-ICP and Cl-ICP treatments, 1.1 eV for O-ICP and 0.6 eV for Cl-ICP, respectively. As the binding energy calculation of XPS system is based on the premise of taking Fermi level as zero, the shift in the core level is generally understood to be due to a change of Fermi level in materials with an energy band gap. It means that the decrement of Binding energy is equal to the decrement of Fermi level, that is to say, equal to the increment of work function [21] . So it can be estimated that the increment of work function treated by O-ICP and Cl-ICP was 1.1 eV and 0.6 eV, respectively. It's also proved that O-ICP treatment is more effective than Cl-ICP. And the increment of work function estimated by XPS is well in accordance with the KP results, which confirmed the reliability of our experiment. 
Conclusion
AZO samples treated by O-ICP and Cl-ICP were compared. KP and XPS were employed to characterize the treating effects. KP measurement result shows that after O-ICP treatment the increment of work function was at least 1.1 eV that is larger than other researchers' results. After Cl-ICP treatment, the increment was 0.6 eV, this might be due to the surface roughness being increased. And even after 10 days, the work function increment was still 0.4 eV after O-ICP treatment, while the work function after Cl-ICP treatment came back to the original value only 48 hours later. This revealed that O-ICP is more effective than Cl-ICP in enhancing the work function for AZO films. XPS results are well consistent with the KP measurements, which suggested that the carbon concentration and the stoichiometry ratio O/(Zn+1.5Al) are the two factors affecting the work function of AZO.
